The tumor tropism of mesenchymal stem cells (MSCs) makes them an excellent delivery vehicle used in anticancer therapy. However, the exact mechanisms of MSCs involved in tumor microenvironment are still not well defined. Molecular imaging technologies with the versatility in monitoring the therapeutic effects, as well as basic molecular and cellular processes in real time, offer tangible options to better guide MSCs mediated cancer therapy. In this study, an in situ breast cancer model was developed with MDA-MB-231 cells carrying a reporter system encoding a double fusion (DF) reporter gene consisting of firefly luciferase (Fluc) and enhanced green fluorescent protein (eGFP). In mice breast cancer model, we injected human umbilical cordderived MSCs (hUC-MSCs) armed with a triple fusion (TF) gene containing the herpes simplex virus truncated thymidine kinase (HSV-ttk), renilla luciferase (Rluc) and red fluorescent protein (RFP) into tumor on day 13, 18, 23 after MDA-MB-231 cells injection. Bioluminescence imaging of Fluc and Rluc provided the real time monitor of tumor cells and hUC-MSCs simultaneously. We found that tumors were significantly inhibited by hUC-MSCs administration, and this effect was enhanced by ganciclovir (GCV) application. To further demonstrate the effect of hUC-MSCs on tumor cells in vivo, we employed the near infrared (NIR) imaging and the results showed that hUC-MSCs could inhibit tumor angiogenesis and increased apoptosis to a certain degree. In 
Introduction
Mesenchymal stem cells (MSCs) are multipotent cells that can be derived from a variety of tissues or organs, including bone marrow, adipose, placenta and umbilical cord [1] . With their capacity of tumor-specific tropism, MSCs have been considered to be attractive vehicles for delivering therapeutic agents toward tumor sites [2] [3] [4] [5] . Several therapeutic strategies based on the local production of biological agents in tumors by gene-manipulated MSCs have been developed and exhibit potent antitumor activity [6, 7] . Engineered MSCs with herpes simplex virus thymidine kinase (HSV-ttk), interferons (IFNs), interleukins (ILs), apoptosis inducers (e.g. TRAIL) or oncolytic viruses have manifested selective tumor repression [8] [9] [10] [11] . Compared to other vehicles and/or delivery platforms as therapeutic carriers, MSCs provide exciting new possibilities for drug delivery used in tumor-targeted therapy.
Over the last decade, a variety of imaging technologies is being investigated as tools for cancer diagnosis, monitoring of response to cancer therapies and predicting of tumor response to available therapies as well as developing new drugs prior to clinical translation [12] . The successful clinical application of MSCs based tumor therapies needs non-invasive imaging approaches to monitor tumor progression and treatment outcome in real time [11, 12] . Molecular imaging provides the possibility to visualize and monitor cellular and molecular processes, such as angiogenesis and apoptosis, in the living subjects for assessing the effect of MSCs on tumor progression [13, 14] .
Here, we hypothesize that real time in vivo imaging technologies could offer tangible options for better guiding MSCs delivery and monitoring antitumor activity of MSCs therapy. To test this hypothesis, we developed mouse model to analyze the behavior and efficiency of human umbilical cord-derived MSCs (hUC-MSCs) as a cellular vehicle for breast cancer therapy. We introduced dual reporter genes renilla luciferase (Rluc) and firefly luciferase (Fluc) for bioluminescence imaging of tumor progression and hUC-MSCs survival simultaneously within the same animal. Moreover, near infrared (NIR) fluorescence imaging method was applied to assess angiogenesis and apoptosis of tumor after hUC-MSCs therapy.
Materials and methods

Cell culture
Human breast cancer cell line MDA-MB-231 was purchased from ATCC (Manassas, VA, USA) and human umbilical cord mesenchymal stem cells (hUC-MSCs) were isolated and cultured as described [15, 16] . MDA-MB-231 cells were grown in DMEM medium supplemented with 10% fetal bovine serum (FBS), 1% penicillin-streptomycin solution (Gibco, Rockville, MD), and 1% MEM non-essential amino acid solution (Gibco). hUCMSCs were cultured with DMEM/F12 medium (Gibco) containing 10% FBS, 1% penicillin-streptomycin solution (Gibco), 10 ng/ml human recombinant epidermal growth factor (EGF; Gibco). For tracking transplanted cells in vivo, MDA-MB-231 cells were transduced with a self-inactivating lentiviral vector carrying an ubiquitin promoter driving firefly luciferase and enhanced green fluorescence protein (Fluc-eGFP) double fusion (DF) reporter gene. In addition, hUC-MSCs were labeled with a self-inactivating lentiviral vector carrying an EF1α promoter driving renilla luciferase (Rluc), red fluorescence protein (RFP), and herpes simplex virus truncated thymidine kinase (HSV-ttk) (Rluc-RFP-HSV-ttk) triple fusion (TF) reporter gene as described previously [9, 11] .
Tumor model
8-12 weeks old female Nu/Nu Nude mice (Laboratory Animal Center, the Academy of Military Medical Sciences, Beijing, China) were housed under standard laboratory conditions. All experimental procedures were conducted in conformity with institutional guidelines for The Care and Use of Laboratory Animals in Nankai University, Tianjin, China, and conformed to the National Institutes of Health (NIH) Guide for Care and Use of Laboratory Animals. Mice were injected with 1 × 10 6 MDA-MB-231 (Fluc-eGFP) cells into the fourth pair of mammary fat pad (day 0). After 13 days later, an intratumor injection of 1 × 10 6 MSC-TF cells was given on day 13, 18, 23. Twenty-four hours after hUC-MSC-TF cells injection, mice of the group were intraperitoneally injected with GCV (30 mg/kg) or PBS on days 14-17, 19-22, 24-27 . Intratumor injection with PBS and ganciclovir (GCV; Keyi Pharmaceutic, Wuhan, Hubei, China) application for tumor bearing mice severed as control. Tumor development was evaluated by BLI of Fluc and hUC-MSC-TF cells were tracked by BLI of Rluc. At the end of experiment (day 30), all mice were euthanized and tumors were harvested for further analysis.
Optical imaging
Optical imaging was performed using IVIS 200 Imaging System (Xenogen Corporation, Hopkinton, MA). BLI of the fate of transplanted cells in living mice was done as described previously [17] . Imaging of Fluc and Rluc expression was used for assessing tumor development and hUC-MSC-TF cells' fate respectively. D-Luciferin (150 mg/kg; Biosynth International, Naperville, IL) was intraperitoneally injected into mice for evaluating Fluc expression, and each mouse was imaged for 1 s to 3 min. Coelenterazine (2.5 mg/kg; NanoLight Technology, Pinetop, AZ) was intravenously into mice for assessing Rluc expression. After injection of coelenterazine, mice were imaged for 2 min, immediately.
To monitor tumor angiogenesis and apoptosis status after hUC-MSC-TF cells administration, NIR fluorescence imaging of integrin αvβ 3 and annexin V was carried out with reagents IntegriSense™ 750 and Annexin-Vivo™ 750 (PerkinElmer, Waltham, MA). For IntegriSense™ 750 imaging, fluorescence signal was measured at excitation 755 nm (emission 775 nm) 24 h post-injection; similarly, fluorescence signal was obtained 2 h after Annexin-Vivo™ 750 imaging agent administration at excitation 755 nm (emission 772 nm) following the manufactures' recommendations.
Cell viability and bystander effect
To determine the effects of GCV on hUC-MSC-TF (Rluc-RFP-HSV-ttk), cells were seeded in 96-well plates (2 × 10 3 /well) and treated with different doses of ganciclovir (GCV; Keyi Pharmaceutics, Wuhan, Hubei, China) (0-40 μg/ml) 24 h after plating. Cell viability was assessed at 48 h post GCV treatment by Cell Counting Kit-8 (CCK-8) (Dojindo). To investigate the time courses survival of hUC-MSC-TF cells after GCV treatment (40 μg/ml) over time, CCK-8 assay was carried out at day 1, day 2 and day 3. To assess bystander effect, different proportions hUC-MSC-TF cell were mixed with MDA-MB-231 (FluceGFP) cells in 24-well plates and treated with GCV (40 μg/ml) after plating. After 2 days, the survival of MDA-MB-231 cells was evaluated by Fluc expression using IVIS 200 Imaging System (Xenogen Corporation). Moreover, to determine the time course of bystander effects, hUC-MSC-TF cells were mixed with MDA-MB-231 cells at the ratio of 1:1 in 24-well plates and treated with GCV (40 μg/ml). Then MDA-MB-231 cells' viability was assessed by Fluc expression at day 1, day 2 and day 3. 
Immunofluorescence staining and TUNEL assay
For immunofluorescence staining, rat anti-mouse CD31 antibody (BD Bioscience, Bedford, MA) was used for determining angiogenesis in tumor. Alexa Fluor 594 labeled-secondary antibody (Invitrogen) was used for detection. TUNEL assay was performed using DeadEnd Fluorometric TUNEL System (Promega) according to the manufacturer's directions. Then the sections were stained with 4,6-diamidino-2-phenylindole (DAPI) as counterstaining and observed under a fluorescence microscope.
Cell migration assay
Transwell migration assays were performed using Transwell chambers with filter membrane of 8 μm pore size (Millipore, Billerica, MA, USA). 1.5 × 10 4 human umbilical vein endothelial cells (HUVECs) in 200 μl EGM-2 medium (Lonza, Walkersville, MD) were seeded into the inserts with MSC medium or MSC-CM in the lower chamber. After 20 h, non-migrating cells on the upper side of the filter were removed with a cotton swab. Cells migrated were stained with crystal violet and counted at 5 randomly chosen fields at 200 ×.
Western blotting
For the detection of protein expression, the harvested cells were lysed on ice in a radioimmunoprecipitation assay (RIPA) buffer that included protease inhibitor cocktails. Cell lysates were separated by SDS-PAGE, transferred onto PVDF membrane, and blotted with antibodies against Ki67 (Abcam), caspase-3 (Cell Signaling), cyclin A (Cell Signaling), phistone H3 (Cell Signaling), Wee1 (Cell Signaling), Myt1 (Cell Signaling), cyclin E2 (Cell Signaling) and β-actin (1:5000, Santa Cruz Biotechnology). The membranes were washed and incubated with horseradish peroxidase-conjugated secondary antibodies (Abcam). Blotting results were detected by an ECL chemiluminescence kit (Millipore, Billerica, MA).
Real-time RT-PCR
Total RNA was isolated from the cells by TRIzol reagent (Invitrogen) according to the manufacturer's directions. First-strand cDNA was synthesized using oligo dT primers with reverse transcriptase (TransGen Biotech). Subsequently, real-time RT-PCR was performed on Opticon ® System (Bio-Rad) in 20 μl reaction volumes. The mRNA expression level of HIF-1a, PDGF-BB, bFGF, PLGF, TGFβ, Ang-1 and Ang-2 was quantified using TransStart Green qPCR SuperMix Kit (TransGen Biotech). The 2-ΔΔCt method was used to determine the relative mRNA folding changes. Primers are listed in Supplemental Table 1 .
Statistical analysis
Statistical analysis was performed using Graphpad Prism 5.0 software (Graph-pad Software Inc., San Diego, CA). Two-way repeated measures ANOVA and two-tailed Student's t-test were used. Differences were considered as significant at P values of less than 0.05.
Results
Labeling of cells with reporter genes
For tracking transplanted cells in vivo, an imaging assay was developed with reporter genes. Transduction of MDA-MB-231 cells was conducted with double fusion (DF) (Fig. 1A) . To obtain cells that can be tracked and also express suicide gene for therapy as well, we transduced hUC-MSCs with renilla luciferase (Rluc), red fluorescence protein (RFP), and herpes simplex virus truncated thymidine kinase (HSV-ttk) (Rluc-RFP-HSV-ttk) triple fusion (TF) reporter gene (Fig. 1B) . Immunofluorescence assays revealed that enhanced green fluorescence protein (eGFP) and red fluorescence protein (RFP) were robust expressed on MDA-MB-231 cells and hUC-MSCs-TF (Fig. 1C, D) . FACS analysis indicated that GFP and RFP were expressed >95% after sorting (data not shown). In addition, a strong correlation between Fluc activity and cell numbers was observed in MDA-MB-231 cells, which revealed the availability of assessing tumor growth in vivo by analyzing firefly signal intensity. And likewise, the Rluc activity has also showed high correlation with the amount of hUC-MSCs-TF (Fig. 1E, F) .
Effects of hUC-MSCs on tumor growth
To determine the effect of transplanted hUC-MSCs on breast cancer growth, Fluc imaging was introduced to monitor tumor progression. An outline of treatment tumor with hUCMSCs was showed in Fig. 2A . Breast cancer model was set up by injection of 1 × 10 6 MDA-MB-231 cells labeled with DF reporter gene into fourth mammary fat pat at both sides of Nu/Nu Nude mice. The tumor bearing mice were divided into 4 groups: (1) control/PBS group, (2) ganciclovir (GCV) group, (3) MSC (hUC-MSC-TF transplantation) group, and (4) MSC + GCV (hUC-MSC-TF transplantation following GCV injection) group. Bioluminescence imaging (BLI) of Fluc was performed to track the development of tumors. After hUC-MSCs-TF transplantation, we found that the tumor growth was inhibited to some extent and this effect can be improved by GCV administration (Fig. 2B) . Simultaneously, the survival of hUC-MSCs-TF in tumor was assessed by BLI of Rluc. Those results revealed that the viability of hUC-MSCs-TF was declined continuously over time and the administration of GCV decreased hUC-MSCs-TF survival (Fig. 2C ).
In vivo tumor angiogenesis and apoptosis analysis
To further demonstrate the antitumor effect of transplanted hUC-MSCs, we utilized IntegriSense™ and Annexin-Vivo™ agents for detecting tumor angiogenesis and apoptosis, respectively. After the second cycle of hUC-MSCs-TF transplantation, IntegriSense agent was administrated via intravenous injection and then performed imaging. NIR imaging revealed that the tumor angiogenesis was inhibited in hUC-MSCs-TF treated group and this effect can be enhanced by GCV administration (Fig. 3A) . Furthermore, this result was confirmed by immunostaining of CD31 (Fig. 3B) . In addition, Annexin-Vivo™ agent was injected intravenously for detecting apoptosis in tumor. NIR imaging showed that the cell apoptosis was promoted in hUC-MSCs-TF treated group and this effect also can be enhanced by GVC application (Fig. 3C) . Moreover, this result was confirmed by TUNEL staining (Fig. 3D) . Those results suggested that hUC-MSCs could inhibit tumor growth to some extent through decreasing angiogenesis and inducing cell apoptosis.
Bystander effects of HSV-ttk/GCV suicide system
To test the HSV-ttk suicide system, GCV was added into culture medium and more than 80% of hUC-MSCs-TK cells were killed in the presence of 40 μg/ml GCV (Fig. 4A) . In the presence of 40 μg/ml GCV, the toxicity effect reached its maximum degree in 3 days, demonstrating the utility of the HSV-ttk/GCV suicide, and the viability of non-transduced hUC-MSCs kept unaffected (Fig. 4B) . To evaluate the bystander effect, we mixed hUCMSCs-TK and MDA-MB-231 in variable ratio, and 40 μg/ml GCV was given. The cell viability of MDA-MB-231 was evaluated by imaging of Fluc using IVIS imaging system. After 48 h, the viability of MDA-MB-231 cells declined more than 50% in the 2:5, 4:5, 1:1 mixture groups (Fig. 4C) . To test the time course effect of HSV-ttk/GCV system, hUC-MSCs-TF cells were mixed with MDA-MB-231 cells at the ratio of 1:1 and more than 70% of MAD-MB-231 cells were killed in the presence of 40 μg/ml GCV at day 3. By contrast, the MAD-MB-231 cell proliferation was not affected without GCV (Fig. 4D) or with 40 μg/ml GCV without hUC-MSCs-TF cells (data not shown).
Proliferation effects of hUC-MSCs on MAD-MB-231
To explore the antitumor mechanism of hUC-MSCs, we detected caspase-3 expression in MDA-MB-231 cells treated with hUC-MSC condition medium (MSC-CM). Caspase-3 is an apoptosis-related protein, which will be activated at the end of apoptotic signal pathway. Here, we found there was no obvious difference in the level of activated caspase-3 expression between treated and untreated groups (Fig. 5A) . Moreover, the expression of Ki67, a nuclear marker of cell proliferation, was not affected under MSC-CM stimulation (Fig. 5A) . Furthermore, treatment of MDA-MB-231 cells with MSC-CM was conducted and FACS analysis results revealed that cell apoptosis of MDA-MB-231 was not affected significantly by hUC-MSCs (Fig. 5B) . CCK-8 assay showed that cell proliferation of MDA-MB-231 was inhibited but no obviously change under the treatment of MSC-CM (Fig. 5C ). We also found that most of cell cycle regulation proteins have no remarkable change under the treatment of MSC-CM, such as cyclin A, cyclin E2, p-histone H3, Wee1 and Myt1 (Fig.  S1 ). In addition, considering cell proliferation effect affected by cell direct contact, we seeded hUC-MSCs and MDA-MB-231 cells in the same well to make them contact directly. We found that the cell viability of MAD-MB-231 had no remarkable difference compared with MDA-MB-231 cells-only group (Fig. 5D ). Taken together, those results indicated that hUC-MSCs have no significant effect on MDA-MB-231 cells proliferation in vitro.
Angiogenic effects of hUC-MSCs
To further investigate the effects hUC-MSC on MAD-MB-231 cells, real time RT-PCR analysis was carried out and the results revealed that angiogenesis-related genes, HIF-1α, bFGF, PECAM-1, PDGF-BB, PLGF, Ang-1, and TGFβ were down-regulated in MDA-MB-231 cells with treatment of MSC-CM (Fig. 6A) . Moreover, Transwell assay showed hUC-MSCs significantly suppress the migration of HUVECs (Fig. 6B) . Those results indicate that hUC-MSCs can affect tumor vascularization through the release of antiangiogenic factors and repression of endothelial cells recruitment.
Given the observation of inhibition of tumor growth by intra-tumoral administration of hUC-MSCs, we hypothesized that hUC-MSCs can inhibit tumor angiogenesis and effectively kill nearby tumor cells via the HSV-ttk/GCV suicide system (Fig. 7. 
Discussion
In this study, we evaluated the interaction between hUC-MSCs and pre-established tumor by dual BLI and NIR imaging. We demonstrated that the transplanted hUC-MSCs played a critical antitumor role in vivo in a human breast cancer xenograft model by inhibiting tumor angiogenesis and inducing cell apoptosis. The biodistribution of transplanted hUC-MSCs and therapeutic responses of pre-established tumor can be real-time monitored by firefly and renilla luciferases imaging. Moreover, we observed the therapeutic effects of hUC-MSCs treatment through inhibiting tumor angiogenesis and inducing cell apoptosis with NIR imaging.
The successful clinical application of future hUC-MSCs transplantation-based tumor therapies needs non-invasive imaging approaches to monitor the fate and tissue distribution of transplanted cells. With the capabilities for visualization, characterization, and measurement of biological processes at the molecular and cellular levels in humans and other living systems, molecular imaging offers the potential for non-invasive assessment therapeutic mechanisms and real-time monitoring of therapeutic responses simultaneously [11, 12] . In this study, we investigated the feasibility of using hUC-MSCs as both gene carriers and imaging probes in a breast cancer animal model by transduced with triple fusion reporter gene (RFP-Rluc-HSV-ttk). Moreover, breast cancer cell line MDA-MB-231 cells were transduced with double fusion reporter gene (eGFP-Fluc) for tracking the progression or regression of tumor by Fluc imaging. Fluc and Rluc have different substrates, D-luciferin and coelenterazine respectively [11] . In present study, dual luciferase imaging approach was well established in tracking the transplantation of hUC-MSCs and simultaneously monitoring therapeutic effects in vivo. Therefore, the traceable therapeutic strategy provides a versatile platform for exploring multiple approaches for development of new therapies.
In addition to monitoring the therapeutic effects in real time, molecular imaging also is ideally suited to measure in vivo tumor biology related to basic molecular and cellular processes such as metabolism, biosynthesis, cell proliferation, and cell death [18] . Tumor growth is angiogenesis-dependent, and therefore vascular imaging would be an effective parameter for monitoring targeted cancer therapy. Angiography-based imaging is considered to be highly suitable for non-invasively visualizing the effect of anti-angiogenesis drug treatment on the structure and function of tumor blood vessels.
One prominent example of peptide ligand is the RGD peptides, which have high affinity to αvβ 3 integrin receptors that are present on the tumor neovasculature and some types of tumor cells [19, 20] . Induction of apoptosis is the primary mechanism through which most cancer therapies cause tumor cell death. Early assessment of tumor response is required to better understand the numerous biochemical features after MSCs therapy. With its high affinity for apoptotic cells, lack of immunogenicity, and without in vivo toxicity, annexin V has been the most intensively studied imaging probe for in vivo apoptosis detection [21] . In this study, we investigated the feasibility of using NIR imaging for tracking tumor angiogenesis and apoptosis after hUC-MSCs administration. We showed that cell death and angiogenesis could be imaged by NIR fluorescence imaging when therapeutic effects could be monitored in real time with bioluminescence imaging simultaneously.
Previous reports revealed that MSCs have an inhibitory effect on tumor proliferation by secreting a number of cytokines such as interleukins, IFN-γ and DKK-1/3 [1] . In this study, hUC-MSCs engineered to express HSV-ttk have been injected into tumor-bearing mice. While inoculation with hUC-MSCs reduced the growth of tumor was observed in vivo and this effect was enhanced by GCV administration, we did not achieve complete tumor regression. We showed that the introduction of a suicide gene into hUC-MSCs could produce a tumor-specific prodrug converting cellular vehicle. In order to provide an initial assessment of the potential therapeutic index of hUC-MSCs, our current study tested whether these cells could emit regulatory cues to cancer cells in vitro. Our findings provide evidence that soluble factors secreted by hUC-MSCs can suppress the angiogenesis pathway and thereby inhibit the proliferation and migration of MDA-MB-231 cells. This is consistent with other reports describing breast cancer inhibitory abilities of MSCs either from bone marrow or umbilical cord through Akt/PI3K and angiogenesis pathways [22, 23] . The apparent paracrine findings we describe here may help to introduce a new dimension on the use of hUC-MSCs in cancer therapy.
However, the exact mechanisms by which MSCs might contribute to tumors are controversial. Recent data confirmed that MSCs could play a dual role in cancer progression depending on the cellular context wherein they reside [24, 25] . MSC secreted factors, such as CCL5/RANTES, SDF-1, IL-6, and VEGF may accelerate growth of tumor cells upon binding to their respective receptors; however, tumor growth may be inhibited by MSC secreted cytokines such as Dkk-1 [25] . The origins of MSCs should be taken into account when deciding the antitumor effect, as did in the case of hUC-MSCs which inhibit glioblastoma proliferation, but adipose tissue-derived not [26] . Considered the antitumor effect, human MSCs could be more interesting to use for the treatment of pre-established tumors [27] . We speculated that different tissue origin of MSCs, delivery methods, individual variations are key points for future MSCs mediated cancer therapy [25] . With the ability of tropism towards tumor sites, MSCs offer a novel strategy for treating cancer using gene therapy [28] [29] [30] [31] . However, the role of MSCs in tumor micro-environment is so complicated that it is very difficult to demonstrate the specific function of MSCs derived different origins in different tumor models. So an extensive understanding about MSCs' function in tumor microenvironment needs to be obtained by further study.
Conclusions
Molecular imaging is an invaluable tool in documenting cell delivery, predicting of tumor response to hUC-MSCs therapies and monitoring response to therapy as well as tumor biology, protein expression, and tumor microenvironment. The dual bioluminescence imaging approach provides a versatile platform to monitor tumor progression and hUCMSCs simultaneously within the same animal. Consequently, therapeutic effects also could be monitored in real time with molecular imaging simultaneously.
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